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Introduction
PARP1 is a multifunctional enzyme, best known for its role in the repair of single strand DNA breaks. 1, 2 In recent years, several low molecular weight PARP inhibitors have been investigated as potential anticancer agents. 3 As anticancer drugs, PARP inhibitors can potentially be used in several different ways, such as monotherapy or as potentiators of the effects of specific cytotoxic drugs. To date, the efficacy of PARP inhibitors as monotherapy has been mostly confined to patients with BRCA1/2 mutationassociated breast and ovarian cancer. [4] [5] [6] [7] In these patients, the efficacy of the PARP inhibitor, olaparib appears to relate to a synthetic lethal interaction between defective BRCA1/2 function and inhibition of PARP1. 8, 9 Synthetic lethality occurs between two genes when loss of one gene is compatible with cell viability but loss of both results in cell death. 8, 9 The implication of synthetic lethality is that targeting of one such gene in a cancer (e.g., PARP1), where the other is nonfunctioning (e.g., in patients with BRCA1 or BRCA2 germline paRp inhibitors, both as monotherapy and in combination with cytotoxic drugs, are currently undergoing clinical trials in several different cancer types. In this investigation, we compared the antiproliferative activity of two paRp/putative paRp inhibitors, i.e., olaparib and iniparib, in a panel of 14 breast cancer cell lines (seven triple-negative and seven nontriple-negative). In almost all cell lines investigated, olaparib was a more potent inhibitor of cell growth than iniparib. Inhibition by both drugs was cell line-dependent and independent of the molecular subtype status of the cells, i.e., whether cells were triple-negative or non-triple negative. although the primary target of paRp inhibitors is paRp1, no significant association was found between baseline levels of paRp1 activity and inhibition with either agent. similarly, no significant correlation was evident between sensitivity and levels of CDK1, BRCa1 or miR-182. Combined addition of olaparib and either the CDK1 inhibitor, RO-3306 or a pan heR inhibitor (neratinib, afatinib) resulted in superior growth inhibition to that obtained with olaparib alone. We conclude that olaparib, in contrast to iniparib, is a strong inhibitor of breast cancer cell growth and may have efficacy in breast cancer irrespective of its molecular subtype, i.e., whether heR2-positive, estrogen receptor (eR)-positive or triple-negative. Olaparib, in combination with a selective CDK1 inhibitor or a pan heR inhibitor, is a potential new approach for treating breast cancer.
Germline BRCA1/2 mutations however, are responsible for only a minority of all breast and ovarian cancers, constituting < 10% of these malignancies. Although phase I/II clinical trials have shown promising results with the PARP inhibitor olaparib, in patients with germline defects in these genes, [4] [5] [6] [7] it remains to be shown if PARP inhibitors have efficacy in patients with sporadic breast cancer.
A subgroup of patients with sporadic breast cancer possessing biological and clinical similarities with BRCA1/2-related malignancies is those with triple-negative (TN) disease, i.e., patients negative for estrogen receptors (ER), progesterone receptors and HER2. These similarities include a tendency for high tumor grade, expression of the basal cytokeratins 5 and 6, aberrant DNA repair and related gene expression signatures. [10] [11] [12] These shared characteristics suggest that TN breast cancers have lower expression of BRCA1/2 or dysfunction in these or related DNA repair genes. If so, TN breast cancers may be susceptible to PARP inhibitors, as mentioned above for BRCA1/2 mutation related cancers. Although a phase II clinical trial showed that combinations of the putative PARP inhibitor, iniparib with cisplatin and gemcitabine was superior to cisplatin and gemcitabine alone in patients with advanced TNBC, 13 a follow-up phase III trial failed to meet the pre-specified criteria for significance with respect to progression free survival and overall survival. 14 Although iniparib has undergone evaluation in phase II/III clinical trials, 15 relatively little preclinical work appears to have been published on this agent prior to the initiation of these trials. [15] [16] [17] We therefore decided to carry out a detailed preclinical study on the antiproliferative effects of iniparib in a panel of estrogen receptor-positive, HER2-positive and TN breast cancer cell lines and to compare response to this agent with that of olaparib. We also show that combined treatment with olaparib and either a CDK1 or a pan HER inhibitor was superior to olaparib in a cell line-dependent manner.
Results
Comparative effects of olaparib and iniparib on cell growth in triple-negative and non-triple-negative breast cancer cell lines. Tables 1 and 2 compare the relative growth inhibitory effects of 5 µM olaparib and iniparib on a panel of breast cancer cell lines. As can be seen, using both the MTT ( Table 1 ) and colony formation assays ( Table 2) , olaparib was a more effective growth inhibitor in almost all the cell lines investigated. Overall, the observed growth inhibition for both olaparib and iniparib was greater with the colony formation assay than with the MTT assay. Tables 3 and 4 Since TN breast cancers have been shown to exhibit similar molecular and histological characteristics to BRCA1/2 associated cancers (see above), we compared response to both olaparib and iniparib in TN and non-TN cell lines. However, using both the MTT and colony formation assay, no significant difference in response was found between the 2 groups of cell lines, i.e., TN and non-TN cell lines exhibited similar responses to olaparib and iniparib (Fig. 1) .
Attempts to identify biomarkers predictive of iniparib and olaparib sensitivity. Since response to both olaparib and iniparib was variable from cell line to cell line and independent of the TN status of the cells, we attempted to identify potential markers of sensitivity. As preliminary data had previously suggested that CDK1, 18 BRCA1 protein and miR-182 levels 19 were associated with response to PARP inhibitors, we investigated these as potential predictors of response to olaparib and iniparib. However, BRCA1, CDK1 and miR-182 levels were unrelated to olaparib (Figs. S2 and S3 ) or iniparib sensitivity (Figs. S4  and S5 ). Similar results were obtained when BRCA1, CDK1 and miR-182 levels were expressed as continuous variables.
Since PARP1 is the primary target for PARP inhibitors, we also investigated if a relationship existed between PARP1 activity and sensitivity to iniparib and olaparib. Although PARP1 activity varied widely in the cell lines investigated, no relationship was found between basal activity levels, and response to either olaparib (Figs. S2A and S3A) or iniparib (Figs. S4A and S5A). all assays were performed in triplicate. Effect of combined treatment with olaparib and a CDK1 inhibitor on cell growth. As olaparib was the more potent cell growth inhibitor, we decided to investigate its effects in combination with novel drugs. Since reduced CDK1 activity was previously shown to impair both BRCA1 function and homologous recombination repair, 18 we investigated combined inhibition with olaparib and the selective CDK1 inhibitor, RO-3306 (Merck). As shown in Figure 2 , combined addition of both olaparib and RO-3306 significantly enhanced growth inhibition compared with either olaparib or RO-3306 alone in 6/7 cell lines investigated.
Effect of combined treatment with olaparib and pan HER inhibitors on cell growth. The combined effects of olaparib and neratinib as well as olaparib and afatinib on colony formation were investigated in four cell lines. As shown in Figure 3 , the effects of the dual treatment were cell line-dependent. Thus, in both the MDA-MB-231 and JIMT1 cells, the anti-growth effects of 1 µM of olaparib and either neratinib or afatinib were significantly more potent than either agent alone. In HCC1143 cells on the other hand, the combined treatment was more potent than olaparib alone but not significantly stronger than that of neratinib or afatinib alone. In contrast, using the MCF7 cells, combined treatment with olaparib and neratinib did not enhance cytotoxicity over either drug alone. The reason for this may relate to sensitivity of this cell line to neratinib. In the MCF7 cells, combined treatment with olaparib and afatinib gave significantly stronger inhibition of colony formation than afatinib alone but not compared with olaparib alone (Fig. 3) .
Discussion
Olaparib and iniparib are among two of the PARP/putative PARP inhibitors most widely investigated in clinical trials in patients with breast cancer. [4] [5] [6] [7] 13, 14 To our knowledge, this is one of the first in vitro studies to compare cytotoxicity of these agents in a broad panel of breast cancer cell lines, including TNBC, HER2-positive and ER-positive cells. Our findings suggest that response to both olaparib and iniparib is variable from cell line to cell line and independent of molecular subtype. Despite this variability, and in agreement with recent reports, 20, 21 we found that olaparib was a more potent inhibitor of cell growth than iniparib in almost all the cell lines investigated. Our results are thus consistent with recent studies showing that iniparib was a weak inhibitor of PARP1. [20] [21] [22] Although MTT and colony formation assays are widely used to evaluate in vitro antiproliferative activities of investigational drugs, we showed that the IC 50 values obtained with the colony formation assay were consistently lower than those obtained with the MTT assays. Furthermore, no significant correlation was found between the IC 50 values obtained with the two assays across the panel cell lines investigated. Thus, the specific IC 50 values determined, depended not only on the cell line but also on the specific viability assay used. It remains to be shown which assays better predict antitumor activity in vivo.
Because of the similarities between triple-negative and BRCA1/2 associated tumors, [10] [11] [12] it might be expected that PARP inhibitors would be more effective in breast cancer cells, negative for ER, PR and HER2. Indeed, Hastak et al. 23 reported that TN breast cancer cell lines were more sensitive than luminal cell lines to the experimental PARP inhibitor, PJ34 (EMD Biosciences). In contrast, our preclinical study using a larger panel of breast cancer cell lines than investigated by Hastak et al., 23 found no significant relationship between response to olaparib or iniparib and TN status. Indeed, of all the cell lines investigated in the current study, the most sensitive was the HER2-positive cell line, SKBR3 with the colony formation assay. Consistent with this finding, Nowsheen et al. 24 recently reported that HER2 overexpression conferred sensitivity to two different PARP inhibitors.
As mentioned in the Introduction, the main success to date with PARP inhibitor monotherapy has been in BRCA1/2 associated breast and ovarian cancer. [4] [5] [6] [7] In these malignancies, defective BRCA1/2 impairs homologous recombination (HR) which in turn results in synthetic lethality in the presence of a PARP inhibitor. 8, 9 Although mutations in BRCA1 and 2 are rare in sporadic breast cancer, decreased expression of these proteins, possibly mediated by promoter methylation, gene loss or increased levels of negatively activating transcriptional factors, may occur. If such a decrease occurs, it might be expected, like that of mutation, to impair HR and thus confer sensitivity to PARP inhibitors.
Evidence for this was recently obtained when Moskwa et al. 19 reported that overexpression of miR-182 in the breast cancer cell line, MDA-MB-231 suppressed expression of BRCA1 and conferred sensitivity to two different PARP inhibitors. Conversely, antagonizing miR-182 increased BRCA1 levels and resulted in resistance to PARP1 inhibition. Based on these findings, either increased miR-182 levels or decreased BRCA1 protein might be expected to confer sensitivity to PARP inhibitors. In our study however, using a panel of cell rather than just the MDA-MB-231 cell line, neither miR-182 nor BRCA1 baseline levels correlated with response to olaparib or iniparib. A previous study using a larger panel of cell lines showed a non-significant trend for a correlation between low BRCA1 mRNA levels and sensitivity to olaparib. One of the cell lines investigated in this study, i.e., HCC 1937 is known to harbor a BRCA1 mutation and thus might have been expected to be highly sensitive to the PARP inhibitors used. However, similar to previous reports (Drew et al. 28 ; Lehmann et al. 29 ), we also found that this cell line was poorly sensitive to olaparib. Thus, while BRCA1 mutations may be necessary for high sensitivity to PARP inhibitors, it alone is insufficient. Consistent with this in vitro finding, early clinical trial data show that only some patients with BRCA mutated tumors responded to PARP inhibitors. 5, 6 Since PARP1 is the primary target of PARP inhibitors, we also investigated if a relationship existed between PARP1 activity levels and response to olaparib and iniparib. As with, miR-182 and BRCA1, no significant relationship was found between the basal levels of PARP1 activity and response to either of the inhibitors. A previous study showed a lack of correlation between PARP1 mRNA and response to olaparib.
25 PARP1 catalytic activity, as measured in the current investigation might however, be expected to be a more meaningful measure of active PARP1 than PARP1 mRNA levels.
Although several preclinical studies have investigated combined treatment with PARP inhibitors and specific cytotoxic agents, until recently, few had analyzed combinations of PARP inhibitors and non-cytotoxic agents. Here we show that combined treatment with olaparib and either of the pan HER inhibitors, neratinib or afatinib enhanced growth inhibition. Indeed, combined treatment with olaparib and either neratinib or afatinib augmented growth inhibition over either agents alone in two of the four cell lines studied. While this work was in preparation, Nowsheen et al. 26 reported a synthetic lethal interaction between PARP inhibitors and lapatinib in TN breast cancer, while Ibrahim et al. 27 showed that PI3K inhibition sensitized TN breast cancer cells to PARP inhibition. All of these findings when taken together suggest that combinations of PARP inhibitors and specific tyrosine kinase inhibitors may have efficacy in TN breast cancer. Since reduced CDK1 activity was previously shown to result in increased anti-tumor response to PARP inhibitors in a mouse model of lung cancer, 18 we investigated combined treatment with the CDK1 inhibitor, RO-3306 and olaparib. In agreement with the previously reported results from the lung cancer model, 18 we found that combined treatment with olaparib and RO-3306 was superior to either drug alone in a cell line-dependent manner. Based on this finding and previous data, 18 combinations of PARP inhibitors and CDK1 inhibitors might now be considered for clinical trials in sporadic breast cancer. In addition to our study, a number of other preclinical studies have investigated PARP inhibitors in a panel of breast cancer Figure 3 . Barcharts illustrating the effect of olaparib (constant 1 µM) alone or in combination with the pan heR inhibitors neratinib (upper four plots) and afatinib (lower four plots) at varying concentrations on clonogenic survival of MDa-MB-231, hCC1143, JIMT1 and MCF7 breast cancer cells. *p < 0.05, **p < 0.01 and ***p < 0.005; student's paired t-test. cell lines. Drew et al. 28 evaluated AG-014699 (rucaparib) (Pfizer GRD) in 9 human cell lines (most of which were breast cancer derived) and concluded that this agent was cytotoxic in cells with mutated BRCA1/2 genes, epigenetically silenced BRCA1 cells as well as in cells with XRCC3 mutations. In that study, unlike ours, no distinction was made between TN and non-TN breast cancer cell lines. Furthermore, unlike the present study, AG-014699 was not investigated in combination with other agents.
In a second in vitro study, Hastak et al. 23 compared the effect of the PARP inhibitor, PJ34 (EMD Biosciences) on the in vitro growth of 4 TN and 3 luminal breast cancer cell lines. As mentioned above, the TN cell lines were found to be more sensitive to PJ34 than the luminal cell lines investigated. Furthermore, synergy was observed between PJ34 and gemcitabine and cisplatinum in the TN cell lines.
In a third study, Chung et al., 21 investigated four PARP inhibitors in three triple-negative cell lines. Of the four examined, AG-014699 (rucaparib) was the most potent, followed by olaparib, ABT-888 (veliparib) and iniparib. Potency was related to their effects on G2/M arrest and extent of DNA damage. Of potential significance was the finding that AG-014699 suppressed STAT3 phosphorylation, suggesting that this anti-PARP agent may also act as a potential inhibitor of cell signaling.
A fourth study identified a seven-gene panel whose mRNA levels were associated with response to olaparib. 25 This panel included five genes, i.e., BRCA1, XPA, TDG, NBS1 and MRE11A, whose mRNAs were associated with resistance and two genes, i.e., MK2 and CHEK2, whose mRNAs correlated with sensitivity. However, as mentioned above, levels of BRCA1 mRNA, when treated as a single variable, did not show a statistically significant relation (i.e, at the 0.05 level) with sensitivity to olaparib.
Our findings when combined with results from the recent reports indicating that iniparib does not appear to act as a competitive PARP inhibitor 19 and indeed has little inhibitory impact on PARP1, [19] [20] [21] may explain the lack of efficacy observed in patients with advanced triple-negative breast cancer.
14 These negative results reported with iniparib 14 however, may not apply to competitive-type PARP inhibitors, which constitute the vast majority of PARP inhibitors currently undergoing clinical trials. We therefore suggest that trials of bona-fide PARP inhibitors in triple-negative breast cancer should not be abandoned at this point in time because of the negative phase III trial results with iniparib. Furthermore, our results suggest that bona fide PARP inhibitors such as olaparib may have antitumor activity in HER2-positive and ER-positive breast cancers.
In conclusion, we showed that olaparib is more potent than iniparib in the inhibition of breast cancer cell line growth in vitro. Our results also show that sensitivity to olaparib is cell line-dependent and that this anticancer agent inhibits growth of both TN and non-TN cell lines. Olaparib may thus have benefit in at least some sporadic breast cancers. Furthermore, combined treatment involving olaparib and RO-3306 or olaparib and a pan HER inhibitor (neratinib or afatinib) was more potent than either agent alone in at least some of the cell lines investigated. These results should now be confirmed in appropriate animal models of breast cancer. Pending the outcome of these preclinical experiments, clinical trials involving olaparib and selective CDK1 inhibitors or olaparib and a pan HER inhibitor, may be warranted in breast cancer.
Materials and Methods
Cell culture. The following panel of breast cancer cell lines were used: MDA-MB-231, MDA-MB-468, BT20, HCC1143, HCC1937, Hs578t, Hs578t(si) (all TN), BT474, JIMT1, SKBR3, SUM159 (all HER2-positive), CAMA1, MCF7 and T47D (ER-positive/luminal). Further details relating to these cell lines are listed in Table 1 in supplementary data. All were obtained from the American Tissue Culture Collection, apart from Hs578t(si) cells which were supplied by Dr Susan McDonnell, University College, Dublin. This cell line was derived from the parental Hs578t cell line by sequential selection through in vitro invasive chambers. 30 Cell lines were maintained in RPMI 1640, supplemented with 10% fetal bovine serum (FBS) (Invitrogen Life Technologies), 1% penicillin/ streptomycin (Invitrogen Life Technologies) and 1% Fungizone (Invitrogen Life Technologies) and maintained in a 37°C CO 2 -humidified incubator.
Olaparib and iniparib were obtained from Selleck Chemicals; RO-3306 from Merck and neratinib and afatinib from Sequoia Research Products.
Cell viability assays. Cell proliferation was assessed using the MTT Cell Proliferation Kit I (Roche Applied Science) as previously described. 31 To test the effect of iniparib or olaparib on proliferation, cells were plated at a density of 1 × 10 3 per well in 96-well flat-bottomed plates (Corning Costar, Sigma-Aldrich). Following overnight incubation, quadruplicate wells were treated with varying concentrations of compounds alone or in combination, for 5 d.
Clonogenic assays. Cells were seeded in 6-well plates (Corning Costar, Sigma-Aldrich) at a density of 1 × 10 3 cells/ well in quadruplicate and treated with compound for 14 d. Cells were fixed in 1% glutaraldehyde (Sigma) and stained with 0.1% crystal violet (Pro-Lab Diagnostics). The mean colony count and standard error of the mean were calculated.
Detection of miR-182. Following RNA isolation, 32 reverse transcription (RT) was performed using the TaqMan microRNA reverse transcription kit (Applied Biosystems). Briefly, the RT reaction consisted of 1.5 µL 10 × RT Buffer, 0.15 µL dNTPs 100 mM, 0.19 µL RNase Inhibitor 20 U/µL, 1.0 MultiScribe reverse transcriptase, 3 µL of RT primer and total RNA (10 ng from cells or 5 µl of RNA from conditioned media), in a final volume of 15 µL. Real-time PCR was performed, using a Mastercycler ep realplex 2S system (Eppendorf) for 30 min at 16°C, 30 min at 42°C, 5 min at 85°C and then held at 4°C. The RT products were subsequently amplified with sequence-specific primers. The 20 µL PCR mix contained 1.33 µL RT product, 1 µL TaqMan Universal PCR Master Mix (20 × ), 1 µL TaqMan probe. The reaction mix was incubated in a 96-well plate at 95°C for 10 min followed by 40 cycles of 95°C for 15 s and at 60°C for 1 min.
Expression of miR-182 (002334, Applied Biosystems) was normalized to the endogenous control, RNU44 (001094, Applied Biosystems) for RNA from both the cells and conditioned medium. The comparative C T method was used for data analysis. For miR-182 in conditioned medium, fold changes were calculated using their respective cells C T values as calibrator.
Western blotting. CDK1 and BRCA1 levels were determined using western blotting analysis. Total protein was extracted from cell lines using 50 mmol/L TRIS-HCl (pH 7.4) containing a cocktail of protease and phosphatase inhibitors (Roche Applied Science) and Triton X-100 (1%), under agitation at 4°C for 1 h. Equal amounts of protein were separated on 10% SDS-PAGE and transferred to PVDF membranes (Millipore). Membranes were blocked in 5% low-fat dry milk (Marvel instant dried skimmed milk) in PBS-T and then stained for CDK1 with a monoclonal mouse antibody (1:200) (MAB8878, Millipore) for 1 h at room temperature or with the anti-BRCA1 (Ab-1) mouse monoclonal antibody (1:100) (MS110, Calbiochem) overnight at 4°C.
Following three washes for 10 min in PBS-T, the membrane was incubated with 1:2,000 horseradish peroxidase-conjugated anti-mouse secondary antibody (Cell Signaling) for 1 h at room temperature before incubation with chemiluminescence reagent (Luminol, Santa Cruz Biotechnology) for 1 min. Membranes were then exposed to X-ray film (Fujifilm). The intensity of the protein bands observed was semiquantified using the Autochemi UVP Bioimaging System, with normalization against β-actin (Sigma).
PAR ELISA. PARP1 catalytic activity was measured by monitoring the formation of PAR polymer by ELISA (Trevigen, R&D Systems). Manufacturer's instructions were followed for all steps, including protein extraction.
Statistical analysis. The Student's paired t-test was used to compare the effects of the PARP inhibitors alone versus their combinations with other agents. Data was analyzed using PASW Statistics Version 18 (SPSS Inc.) and Prism version 5.0b software (GraphPad Software). The IC 50 (concentration required to inhibit growth by 50%) for each inhibitor was determined using CalcuSyn software (Biosoft). 
Disclosure of Potential

